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Abstract 
In this study, it is tried to provide an estimation of damages imposed to a prototype office building as a result of earthquake 
occurrence. For this purpose, first a model is developed in BIM and then its properties are exported to a structural analysis 
software (opensees) in order to evaluate the structure’s response under specific loading condition. Next, the outcome of opensees 
is used to identify the building’s Damage State (DS). Then, the associated costs with each damage state are estimated by 
Performance Assessment Calculation Tool (PACT) provided by Federal Emergency Management Agency (FEMA).  
Finally, a Life Cycle Environmental Assessment is performed to identify the environmental impacts of the damages imposed to 
the building as a result of earthquake. For this purpose, embodied energy of the building is calculated and then based on the 
damage probability, the total embodied energy losses are calculated.  
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
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1. Introduction                                                                                                                                                                 
There have been a considerable amount of efforts in risk assessment of natural hazards, in which the economic, 
social, and environmental losses resulted from an extreme event are estimated [1]. In this regards, quantifying the 
expectations of ground shaking and the corresponding performance of structures are the key elements in seismic risk 
estimation [2]. A holistic management approach, in which the economic and environmental damages can be 
estimated, is necessary when facing a natural disaster such as earthquake. This approach helps in better allocating 
and mobilizing the resources right after an earthquake. In past few years, many consequence estimation tools have 
been introduced to engineers and managers in order to make this process easier, faster and more accurate. In order to 
have an accurate and fast estimation of damages, it is required to have a semi-detailed information of building’s 
characteristics and then a semi-automated process capable of producing rosters that will show the damage level and 
losses associated with specified damage state (DS). This paper aims to introduce the applications of Building 
Information Modeling (BIM) in this context. 
1.1. Building Information Modeling (BIM) 
Building Information Modeling (BIM) refers to the application of a new generation of information technology 
(IT) in building industry, which was limited to the process of preparing drawings by means of computer-aided design 
(CAD) in the past. BIM enables a 3-D visualization of the building which contains meaningful information of the 
elements like geometry, material properties, etc [3]. The traditional methods in the architecture, engineering, and 
construction (AEC) industry for incorporating different sectors were costly and time-consuming. Moreover, the 
results had errors, and there was inconsistency in drawings due to lack of interoperability issues [4]. The 
development of BIM as a versatile tool has changed the way we plan, design, build, manage, and recycle a building 
and evaluate a building’s behavior over its life cycle [5]. A BIM system consists of different sub-systems aimed at 
enabling the users to integrate and reuse of the building information and domain knowledge during all phases of the 
life cycle of the building from construction to demolition [6].  
1.2. Performance-based seismic design procedure 
Seismic design approach has been gone through a major significant change in concepts and techniques in a sense 
that the emphasis is put more on “performance” rather than “resistance”, which means design for seismic resistance 
is gradually shifting toward seismic performance design procedure [7].  Evaluation of the behavior of buildings and 
how buildings are likely to perform under potential hazard loads that they are likely to experience, are the main 
highlighted areas of performance-based design procedure [8]. This iterative design procedure starts with the 
selection of performance objectives and continues with checking whether or not performance objectives are met by 
design procedure. Finally, the design process continues until design performance achieved [8]. Performance 
objectives define the acceptable risk of different damage state occurrence and consequential losses [8].   
A fragility database which contains the information about structural and non-structural components vulnerability 
is essential in order to implement this methodology [8]. For this purpose, Federal Energy Management Agency 
(FEMA) has introduced a powerful database, which contains the relevant data on fragility and vulnerability of a set 
of different structural, and non-structural components for different buildings based on their occupancies, materials, 
and structural systems. This database comes with a set of tools such as performance assessment calculation tool 
(PACT), fragility database, fragility specification, normative quantity estimation tool, and consequence estimation 
tool. These tools are used in this study in order to estimate the level of damage and the cost associated with specified 
damage state.  
1.3. Environmental impact of damaged building 
The global attention to the issue of sustainability and sustainable buildings on one side and destructive role of 
building industry on environment on the other side, have increased the demands for design of new structures in an 
environmentally friendly manner and retrofit of existing structures based on environmental parameters. From this 
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perspective, considering the environmental impacts of damaged buildings seems to be inevitable when 
comprehensive damage estimation is required. Most of Life Cycle Analysis (LCA) tools are concentrating on the 
calculation of environmental impacts of construction, operation, and end of life (demolition) phases of the building 
and ignore the fact that a great portion of buildings wastes are generated as a result of earthquake and a significant 
amount of energy that is used for building’s construction will be taken out of the energy circle of the world. Having a 
comprehensive life cycle environmental impact for buildings requires inclusion of the environmental impact of 
imposed damages as a result of potential natural hazards such as earthquake.  
In this paper it is tried to use BIM as a versatile tool to assess the seismic performance of the building. For this 
purpose, first a prototype building is modeled in BIM, then using some plug-ins integrated in BIM, the model 
properties are exported to a structural analysis software (opensees) in order to evaluate the response of the structure 
under different earthquake loading conditions. Having the results of structural analysis such as drift and acceleration, 
the next step is to use these results to identify the Damage State (DS) of the building for predefined earthquake 
scenario. At this stage, aforementioned performance assessment tools provided by FEMA is coupled with the 
developed model and using already identified DS, its associated costs are estimated. Finally, a Life Cycle 
Environmental Analysis is performed considering the embodied energy of the building components in order to 
identify the environmental impacts of the damages imposed to the building as a result of earthquake. The whole 





















Figure 1. Proposed methodology 
2. BIM Model Development 
In this study, Revit Architecture software is used to model a building. The building specifications such as 
geometry and sections are based on a project which is already done and verified as a code compliant building [9] and 
then some modifications have been made to alter the design to our intended purpose of modeling. Figure 2 shows the 
developed model in Revit. This is an office building, which consists of two stories and two bays in each direction. 
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In order to perform a structural analysis in any other software, the developed BIM model should be exported in a 
format that is readable by that software. For this purpose Ideata software is used to extract the model properties and 
to export the model in xml format.  
3. BIM Model Export to Structural Analysis Software 
In this section, the process of model export procedure from BIM to structural analysis software is shown. An 
example of the exported tables to Opensees can be seen in Tables 1. The information provided in these Excel files 
enable structural analysis software to regenerate the model in order to perform structural analysis.  
 
 
Figure 2. Developed model in BIM 
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4. Structural analysis 
Different choices are in hand for the purpose of structural analysis. One of these choices is using the structural 
analysis software developed by Autodesk that can transfer the model data easily from BIM. However, in this study, 
Opensees software is used to perform structural analysis. Opensees can provide us with a wide range of accurate and 
reliable results while other structural analysis software such as Robot Structural Analysis, Sap, and Etabs are not 
considered as reliable as Opensees in the academia. After exporting the model properties to Opensees, the next step 
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is to perform a structural analysis in order to evaluate the building’s response under specified earthquake loading 
condition. In this step, a nonlinear time history dynamic analysis is performed to obtain the structure’s drift and 
acceleration. For this purpose, ground acceleration and other data related to the different historical earthquake are 
used to model the loading condition. The results of this analysis are considered as a basis for determining the damage 
state of the building (Please see Figure 3). Each damage state has its own physical interpretation. Damages imposed 
to a building can be slight, moderate, extensive, and complete demolition. The outputs of Opensees used in this step 
of analysis are drift ratio and acceleration. Based on these two values, the probability of damage state for each 
component is estimated. 
 
 
Figure 3. Physical interpretation of different damage states [8]. 
5. Damage cost estimation 
Prior to damage cost estimation, obtaining the quantity of different components in the building is necessary. The 
quantity of the components can be determined in another database called “Normative Quantity.” This database is 
based on a detailed analysis and investigation of more than 3,000 buildings in the U.S. with different occupancies in 
different sectors including laboratory, healthcare, school, apartment, office, and retail. Table 2 provides an overview 
of the output of the normative quantity database.  
Table 2. Normative quantity estimation tool, FEMA 
Type Floor Area 
(SF) 






OFFICE 2nd 3378.8 Concrete tile roof, tiles secured and code compliant 100 SF -- 9.12 
OFFICE 2nd 3378.8 Wall Partition, Type: Gypsum with metal studs 100 LF 3.38 -- 
OFFICE 2nd 3378.8 Wall Partition, Type: Gypsum + Wallpaper, Full Height 100 LF 0.26 -- 
OFFICE 2nd 3378.8 Raised Access Floor, non-seismically rated. 100 SF -- 25.34 
OFFICE 2nd 3378.8 Suspended Ceiling, Vert support only 250 SF -- 12.16 
OFFICE 2nd 3378.8 Modular office work stations. 1 EA -- 23.65 
OFFICE 2nd 3378.8 Vertical Filing Cabinet, 2 drawer, unanchored laterally 1 EA -- 2.70 
OFFICE 2nd 3378.8 Bookcase, 2 shelves, unanchored laterally 1 EA -- 6.76 
OFFICE 2nd 3378.8 Prefabricated steel stair with steel treads. 1 EA 1.00 -- 
OFFICE 2nd 3378.8 Cold Water Piping (dia > 2.5 inches). 1000 LF -- 0.05 
 
Having the results of normative quantity database, the next step is to calculate the damage cost of the building 
under predefined earthquake loading condition. As can be seen in Table 3, damage cost of each damage state equals 
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to the unit damage cost of a building component multiplied by the quantity of component. Damage cost estimation is 
not the only function of this tool, rather it can specify the physical interpretation of different damage states and 
propose repair methods for each component. 
As mentioned in the Introduction, consequence estimation tools developed by FEMA are used to calculate the 
damage cost of the building under earthquake. In this regard, the first step is to select the appropriate classification 
for each set of the components. With the fragility database provided by FEMA, different classifications of the 
components have their own unique tag, which comes with a description of the component, and repair cost for up to 
five damage states with different damage probabilities. This tool also can provide a description about the type of 
physical damages that could happen in each damage state in order to make it more tangible for readers to understand. 
Based on the already identified damage states and their descriptions, different repair methods are provided as well. 
Table 3.Consequence estimation tool, FEMA 
Type NISTIR 
Classification 
Component Name Repair Cost, 
p10, DS1 
Quantity Total cost 
Steel B1035.031 Post-Northridge welded steel moment connection, 
beams both sides, beam depth <= W27 
1.47E+04 5 7.3E+04 
Concrete B1049.001a Reinforced concrete flat slabs- columns without 
shear reinforcing, no continuity reinforcement 
1.93E+04 2 3.8E+04 
Cladding B2011.201a Precast Concrete Panels 4.5 inches thick - in plane 
deformation 
4.17E+04 13.45 5.6E+05 
Miscellaneous B3011.011 Concrete tile roof, tiles secured and compliant with 
UBC94 
4.00E+02 9.12 3.6E+03 
Chimney B3031.001a Masonry Chimney - unreinforced, non-industrial, 
above roof 5 ft, replace with masonry 
6.37E+03 18.2 1.1E+05 
Gyp Wall C1011.001a Wall Partition, Type: Gypsum with metal studs, 
Full Height, Fixed Below, Fixed Above 
1.10E+03 13.52 1.4E+04 
Stairs C2011.001b Prefabricated steel stair with steel treads and 
landings with no seismic joint. 
1.00E+02 1 1.0E+02 
Internal finish C3021.001a Generic Floor Covering - Flooding of floor caused 
by failure of pipe - Office - Dry 
1.84E+01 2 3.6E+01 
Ceilings C3032.001b Suspended Ceiling, SDC A,B, Area (A): 250 < A < 
1000, Vert support only 
2.60E+02 24.32 6.3E+03 
Ceilings C3034.001 Independent Pendant Lighting - non seismic 2.00E+02 101.36 2.0E+04 
MEP D3031.011a Chiller - Capacity: < 100 Ton. 3.91E+04 2 7.8E+04 
MEP D3031.021a Cooling Tower - Capacity: < 100 Ton. 2.01E+04 2 4.0E+04 
HVAC D3041.011c HVAC Galvanized Sheet Metal Ducting less than 
6 sq. ft in cross sectional area 
4.50E+02 0.2 9.0E+01 
HVAC D3041.032c HVAC Drops / Diffusers without ceilings - 
supported by ducting only  
2.00E+03 6.08 1.2E+04 
6. Environmental Impact Assessment 
The environmental impacts of a product or a process from cradle to grave can be estimated using Life Cycle 
Assessment (LCA). This well-known methodology considers several life cycle phases such as raw material 
extraction and processing, manufacturing, use phase, and end-of-life [10]. In this section, developed BIM model is 
exported to a Life Cycle Assessment (LCA) tool. For this purpose, Tally application is used. This application is 
capable of importing all the elements of the developed model in Revit directly and performing a full building LCA. 
Moreover, it makes a comparison between two different design procedures by defining the material properties and 
lifetime of different components of the structural and architectural elements. A graph of results per life cycle stage 
of the building can be seen in Figure 4. 
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In most of the studies related to the LCA of the buildings, the environmental impacts of buildings are limited to 
construction, operation (use), and demolition phases. However, another important phase of the environmental impact 
of the building during its life cycle happens in the case of a probabilistic earthquake. In this case, the environmental 
impact of seismic damages should be calculated and considered in the process of LCA of the building. Since most of 
LCA tools estimate the environmental impact of the above mentioned phases of the building, in this study, 
calculations of the environmental losses of the damaged building is attempted indirectly by calculating the embodied 
energy in the building and then considering the damage probabilities for each damage state [11]. In order to obtain 
the damage probabilities for each damage state, including slight, moderate, extensive, and complete, Hazus-mh 
database developed by FEMA is used [12]. Considering the probability for each damage state and replacement cost 
of the building as a percentage of the total construction cost, damage ratio for each damage state can be calculated. 
On the other hand, Hazus-mh provides necessary information about energy per replacement cost (MJ/$) and total 
cost replacement value ($/SF). Multiplying these two factors results in the energy consumption with the units of 
(MJ/SF) for 60 years life span of the building [11].  
 
Figure 4. BIM-based LCA results per life cycle stage of the building.  
Table 4 shows the data related to the Northridge earthquake for a steel structure. In this table, the probability of 
incurring a specific level of damage for general steel structure buildings is shown. For example, if the Northridge 
earthquake event were to happen in Orlando, what would happen to the general population of steel structure 
buildings? It shows that for buildings that are designed according to moderate design code, the probability of slight 
damages is about 9.09%, while this number is 6.87% for moderate damages and 1.85% for extensive damages. 
Moreover, the probability that a steel structure building become completely demolished is about 0.25%.  
Table 4. Damage ratio for different damage states  
 Damage State Damage Probability (%) Replacement Cost (%) Damage Ratio 
 
Moderate Design Code 
(MDC) 
Slight 9.09 0.4 0.0003636 
Moderate 6.87 0.9 0.0013053 
Extensive 1.85 1.6 0.001776 
Complete 0.25 19.2 0.00048 
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As can be seen in the above table, adding different damage ratios for different damage states will result in the 
total damage ratio, which in this case is 0.0039249. Multiplying this value with total energy consumption per square 
foot of building gives the total energy lost during an earthquake, which in the case is Northridge earthquake. 
Total Repair Energy = building’s embodied energy * Building’s area *Damage ratio  
          = 197.78 (MJ/SF)* 6516 (SF) *0.0039249 = 5058.15 MJ 
7. Conclusion  
In this paper, the major goal was to develop a semi-automated procedure to assess the damage cost and 
environmental impacts of a damaged building under earthquake loading condition. Previously, researchers mostly 
were working on BIM-LCA, BIM-retrofit, or BIM-LCCA integration separately while in this research a 
comprehensive approach was developed to encompass all of the aforementioned fields. BIM-based structural 
analysis helped in determining the damage cost of the building in case of natural hazards such as earthquake. BIM 
also is used as a platform to investigate the environmental impact of the building in normal and damaged conditions. 
The meaning of integrative design procedure is cleared in this research, which is facilitating the data exchange 
between different teams and updating the model while the other teams can identify any changes in the model. This 
means once BIM model is developed, there is no need to do the modelling again in any LCA or structural software. 
Being able to do the modeling procedure only one time for all the project stakeholders can greatly enhance the 
efficiency and quality of the project. For the future studies, an uncertainty analysis of the damage cost and 
environmental impacts of the building using the relatively new Exploratory Modeling and Analysis (EMA) approach 
is highly recommended [13]. Moreover, the impact of vehicle to grid technology on the resiliency of the buildings in 
the face of extreme events can be further studied [14].  
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